Paper mill sludge is often incinerated for heat recovering and also for an important volume reduction. In Italy about 6x10 5 tons of paper sludge is yearly produced giving 60kg of paper ash per ton. In this project, the ash coming from burning of paper mill sludge from primary mechanical separation process, fired as single fuel, was studied in order to evaluate its use as supplementary cementitious material in concrete manufacturing. On the basis of the data collected it can be concluded that the paper mill sludge ash, if replaced by 5 to 10% of Portland cement, show a positive effect on the mechanical performance of the concrete. On the other hand, due to its high fineness and consequently high water absorption, it requires a higher dosage of water, so that the use of paper ash should not be higher than 10% by weight of cement.
INTRODUCTION
Unsustainable trends in waste generation are causes for concern because the generation of waste can be a symptom of environmentally inefficient use of resources [OECD] . Transforming waste may mitigate but not solve present and future environmental problems; however, organic sludge may play a desirable role as an auxiliary fuel. Paper sludge is generally understood as a waste stream originating from water-treatment rejects that are separated from the mill effluent during the treatment process of (recovered) virgin or recycled paper. Objectives of both EU and Italian national waste policy are to minimize production of waste and to promote re-use, recycling, and recovery so as to reduce its negative environmental impact. Europe produces about 1.3 billion tons per year of such sludge, which comes principally from the paper manufacturing and paper-recycling industries. This huge amount produces a severe impact on the environment and drives European governments to encourage and promoting any processes that will enable its reduction and/or possible valorisation.
In 2004, the production of paper mill sludge in Italy was around 6·10 5 tons [Asquini et al. 2008] . Approximately 1/3 of the waste paper volume processed in recycling plants becomes sludge and rejects [Göttsching et al. 1996] . The disposal of residual paper sludge is a problem confronting the paper industry, which is compounded by the increasing demand towards recycling of used papers. Almost paradoxically, increased recycling has provoked a significant increase of the amount of sludge being generated. Additionally, the interest for energy recovery from paper sludge is growing as landfilling is becoming increasingly expensive and less viable in many of the countries. For these reasons, the use of paper sludge for energy production has encountered increased attraction as being a cost-effective, and an environmentally acceptable disposal method [Anthony et al, 1993] . Paper mill sludge is composed of mineral fillers, inorganic salts, small cellulose fibers, water, and organic compounds. About 60 kg of ash is produced per ton of paper mill sludge. The composition of mineral fillers depends on the type of paper produced. Paper mill sludge is often incinerated in order to reduce the volume of the waste disposal and to recover heat. This process is achieved first by de-watering (i.e., by mechanical means and/or evaporation) at low temperature (< 200°C), followed by incineration at high temperature (> 800°C). During incineration, organic compounds are burned at temperatures of around 350 to 500 °C, whereas mineral fillers and inorganic salts are transformed into the corresponding oxides at higher temperatures (> 800°C). CaO, Al 2 O 3 , MgO, and SiO 2 are the most abundant oxides in incinerated paper mill sludge [Liaw et al. 1998 ]. The resulting paper mill-sludge ash is classified as waste, and at present it is mainly sent to landfill at high costs. Recycling it would have beneficial effects for paper producers and the environment as well. A possible reuse of the paper mill sludge is its blending with natural raw materials extracted from the ores in the production of bricks or cements [Marcis et al. 2005 , Ernstbrunner 2007 , Liaw et al. 1998 ], since the main constituent elements of paper mill sludge are Al, Mg, Si and Ca, whose oxides are largely used in the such ceramics industries. Therefore, burning paper sludge represents two sources of cost saving for a paper mill: reduced disposal costs and reduced fuel consumption for steam generation/energy production.
The option to utilize paper sludge as a co-firing (bio-waste) fuel for energy production has been considered in many European countries as well as USA and Japan. The organic fraction in paper sludge is renewable; and, therefore, it is not considered as contribution to the net CO 2 emissions.
The present study was conducted in the framework of a research project aiming at improving the utilization potential of paper sludge ash (PA) and at evaluating the possibility of its use as a cement replacement in concrete manufacturing.
EXPERIMENTAL INVESTIGATION Materials
A commercial Portland-limestone (20% maximum limestone content) blended cement, Type CEM II/A-L 42.5 R according to EN-197/1, was used. The Blaine fineness of the cement was 410 m 2 /kg, and its specific gravity was 3.05 kg/dm 3 . The paper ash used came from burning of paper mill sludge, and testing shows the following main properties: Blaine fineness 635 m 2 /kg, and specific gravity 1.72 kg/dm 3 . In order to characterize the paper-ash, thermal analysis and X-ray diffraction were carried out. Thermal analysis showed that the ash material contained about 6% of calcite, CaCO 3 . As it can be observed in Figure 1 , a sharp weight loss, corresponding to the flex of the differential thermal analysis (DTA) curve occurs from about 600°C to 800°C while strong heat absorption is detected. This is due to the decomposition reaction of calcite, which is endothermic. X-ray diffraction analysis (Fig. 2) show also the presence of calcium oxide (CaO), gehlenite (Ca 2 Al 2 SiO 7 ), and mayenite (Ca 12 Al 14 O 33 ). In addition, other components such as talc (3MgO*4SiO 2 *H 2 O), barium sulphate (BaSO 4 ), and zinc oxide (ZnO) may also be present in small and variable percentages. Toxic trace metal concentration mostly observed from recycled paper were found at very low level, lower than the analysis sensitivity of 1 ppm. Paper ash was observed at increasing magnifications by means of scanning electron microscope (SEM, Fig. 3 ). Natural sand (range of particle size: 0-5 mm) and natural gravel (range of particle size: 2-12 mm) were used in each concrete mixture. Their main physical properties, determined according to EN 1097-6 and EN 933-1, are reported in Table 1 . Table 2 .
The dosage of superplasticizer was always equal to 1.0% by weight of the cement in order to reduce the water dosage by about 30%. The concrete workability was similar for all the concrete mixtures and equal to 180-190 mm slump/spread (measured according to EN 12350-2). Fifteen concrete prismatic specimens (40 x 40 x 160 mm) from each mixture were prepared for mechanical characterization of the mortar. All the specimens with the water to binder ratio of nominal values of 0.4 and 0.6 were wet cured at the temperature of about 20°C, while the others with a water to binder ratio of 0.5 were cured at a summer temperature of about 27°C. Curing temperature was included as an additional numerical input, beside specimen age, water to binder ratio and mortar composition to obtain a more qualitative understanding of the effects of paper ash on cement.
RESULTS AND DISCUSSIONS
The compressive strengths of mortars were measured after 1, 7, 28, and 60 days after casting. Data well fitted the Carino-Knudsen relationship, giving the opportunity to evaluate the maximum compressive strength (f max ) and the form parameters through the expression:
where f c is the compressive strength predicted at a given time t; t 0 is the time needed before the strength gain begins (t 0 =0 was considered), f max is the final strength when t tends to infinity; and k expressed in days -1 is a constant. The results obtained and synthesized are shown in Tables 3 and 4 , and, also, in Figure 4 . Table 4 . Carino-Knudsen parameters for mortars prepared with different percentages of paper ash (PA). The data point to the good performances obtained with PA replacing 5% of cement with all the water to binder ratio. For a proper evaluation of the PA effect, it was also necessary to correct the water to binder ratio for all mortars containing paper ash taking into account the water absorbivity of PA. The nominal water to binder ratio when corrected varied in the range of 0.40 to 0.67. Cement replacement from 10 up to 20% with paper ash seems to reduce the mechanical performance of mortars whatever the water to binder ratio. However, the maximum compressive strength reduction (f max ) ranged from 12 % to 26 % with an increase of PA from 0 to 20 %. With higher ash contents, the strength development seems to slow down, particularly for the higher water to cement ratio (0.60). 
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CONCLUSIONS
Based on the experimental results of this study the following observations can be drawn:

The mortars containing 5% PA exhibited a compressive strength higher or as high as that of mortar made from OC at 28 days.
The results presented encourage the researchers to undertake further study on the use of PA in concrete, which could lead to a reduction in the cost of concrete as well as a method for disposal of PA. On the basis of the data collected within this experimental project, it can be concluded that the paper-ash, particularly if it replaces less than 10% of cement, show a positive effect on time development of concrete mechanical performance. Probably, paper ash can give an active contribution to cement paste hardening (positive value of the cement activity index). On the other hand, due to its high fineness, and consequently high water absorption, the dosage of PA should not be too high (the upper limit appears to be 10% by weight of cement).
